Objective: To describe the sequence of hormonal changes during recurrence of Cushing's disease (CD) after successful transsphenoidal surgery (TSS). Design: Retrospective study in a single center. Patients and methods: We studied 101 of the 127 patients treated by TSS for CD between 1996 and 2009, who had hypocortisolism or eucortisolism for at least 3 months post-TSS. We arbitrarily defined 'overt recurrence', as presence of two classical parameters of excess cortisol (increased midnight -either serum or salivary -and 24 h urinary cortisol (UC)), leading to further specific therapeutic action, and 'mild recurrence', as presence of a single classical parameter, leading to simple surveillance. Results: Of the 101 patients, 21 (20.8%) presented with recurrence, 'mild' or 'overt', during long-term follow-up (median 50.4 months, range 7-99). Recurrence occurred less frequently (16.8 vs 50%, PZ0.02), and later (mean 44.7 months, median 43, range 7-94 vs mean 21.5 months, median 17, range 3-61, PZ0.05), in patients with early post-TSS hypocortisolism compared with those with eucortisolism. Increase in midnight cortisol occurred in a mean time of 38.2 months, while UC elevation was observed at 50.6 months. Vasopressin analogs and CRH tests were eventually positive in 85 and 93% of all patients respectively; a positive response to one of the two dynamic tests preceded the increase in midnight cortisol or UC in 71 and 64% of the patients respectively. Conclusion: A positive response to vasopressin analogs and/or CRH tests occurs early in recurrence, followed by an increase in midnight cortisol, while UC elevation is at a later stage.
Introduction
Cushing's disease (CD) is caused due to excessive production of ACTH from the pituitary gland, leading to chronic hypercortisolism. If left untreated, it leads to increased morbidity and mortality, mainly due to cardiovascular disease (1) (2) (3) (4) . Early treatment might be important to reduce the long-term consequences of hypercortisolism. Indeed, after curing CD, improvement of cardiovascular risk and psychological manifestations is only partial (5, 6) .
Transsphenoidal surgery (TSS) is the first-line treatment for CD (7, 8) , with long-term cure rates varying from 44 to 90% (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) depending on a surgeon's experience and skill, size and localization of the adenoma, duration of follow-up, and criteria used to define remission and failure. Despite immediate remission, CD recurs with different reported rates primarily dependent on the duration of follow-up. Published short-term recurrence rates vary from 0 to 13%, with a median follow-up of !2 years (21) (22) (23) . Studies with longer follow-up have reported overall recurrence rates of 5-27%, with median times to recurrence of 34-84 months (9-11, 16, 20, 24-29) .
Early treatment of CD recurrence might be important to limit long-term morbidity. This would require predictive factors on the one hand and sensitive biological markers for the diagnosis of recurrence on the other hand. However, parameters that may predict late recurrence after an immediately successful surgery are still debatable. Many studies have suggested that a low early post-TSS morning serum cortisol is a good predictor of cure (12, 13, 20, (30) (31) (32) . However, up to 31% of patients with early post-TSS, corticotroph deficiency will eventually recur (10, 12, 16, 33) . Conversely, an unsuppressed early morning post-TSS serum cortisol level can be associated with long-term remission. Dynamic tests, such as CRH and vasopressin analogs (lysine vasopressin (LVP) and desmopressin) stimulation tests, and the recently coupled dexamethasone desmopressin test, have been used to predict recurrence (15, 28, 29, (34) (35) (36) . In patients showing ACTH and cortisol response to desmopressin in the preoperative period, the persistence or the reappearance of the positive response during long-term follow-up could be an early predictor of late recurrence, preceding by several months the classical markers of recurrence and the overt clinical signs of hypercortisolism (37, 38) . Concerning the hormonal investigations to diagnose recurrence during follow-up, the timing and sequence of these alterations have rarely been investigated. One might expect a period of mild alterations preceding overt hypercortisolism during the recurrence of CD after TSS. It is generally accepted that biological investigations for the diagnosis of mild hypercortisolism are difficult to interpret (39) . However, in patients followed up after surgery for CD, the situation might be different because the probability of hypercortisolism recurrence is much higher than the probability of hypercortisolism in the general population.
The aim of this study was to describe the sequence of hormonal changes in patients with recurrent hypercortisolism after successful TSS.
Patients and methods

Patient population
We retrospectively analyzed the records of 161 patients with CD who were followed at the Endocrinology Department of Cochin Hospital (Paris, France), diagnosed between January 1996 and December 2009, and who underwent TSS as a first-line treatment. After the exclusion of 34 patients who had a follow-up of !3 months, or who were referred to our department with documented failure or recurrence following their first TSS, 127 patients were available for the present analysis. The study was carried out according to the French rules for clinical records analysis in a clinical research setting and with the approval of the National Committee Commission: Nationale de l'informatique et des libertés (CNIL) for clinical computed database management.
Diagnosis of CD
In the 127 included patients, CD was diagnosed on the basis of an ACTH-dependent Cushing's syndrome associating clinical findings and classical parameters as per guidelines (40, 41) including 24-h urinary cortisol (UC) excretion O90 mg/24 h, unsuppressed ACTH, absence of circadian rhythm (awake midnight serum cortisol O75 ng/ml and/or midnight salivary cortisol O2 ng/ml), no suppression of cortisol after low dose of dexamethasone (UC O10 mg/24 h after 2 mg/day for 2 days and/or serum cortisol O18 ng/ml after 1 mg dexamethasone given at 0000 h). In addition, the diagnosis was based on histological confirmation of basophilic adenoma with positive immunostaining with anti-ACTH antibody (nZ96) or post-surgical hypocortisolism despite negative or inconclusive histology (nZ8), or histologic confirmation during a second surgery (nZ4), or a central/peripheral ACTH ratio in bilateral inferior petrosal sinus sampling O2 (baseline) and/or O3 after CRH stimulation (nZ15), or a concordant positive response to two dynamic tests (high-dose (8 mg) dexamethasone suppression test, either CRH or vasopressin analog stimulation test), and no evidence of ectopic ACTH secretion (nZ4).
Immediate TSS outcome
Immediate TSS outcome was assessed by early morning serum cortisol concentration within 2 weeks after TSS, except in six patients who were followed in other medical centers but were referred to our institution as they were still in remission by our criteria. Hypocortisolism was defined by morning serum cortisol !50 ng/ml and/or subnormal response to corticotropin analog or to the overnight metyrapone test. Eucortisolism was defined by the absence of hypocortisolism along with the combination of normal UC (!90 mg/24 h) and a maintained nycthemeral cortisol cycle (midnight serum cortisol !75 ng/ml, midnight salivary cortisol !2 ng/ml) (42) . Early remission should be maintained for at least 3 months post-TSS, otherwise it would be considered as immediate surgical failure. Twenty-six of the 127 patients (20.5%) failed to fulfill these criteria post-TSS, with at least one of the previously mentioned parameters (midnight cortisol or UC) remaining abnormal, and consequently were considered as immediate surgical failures.
Long-term follow-up
Recurrence was defined as reappearance of hypercortisolism after at least 3 months of hypocortisolism or eucortisolism post-TSS. Based on the hormonal and clinical evaluation, as well as the need for specific therapeutic decision to control the recurrent hypercortisolism, we subdivided the recurrence group into overt and mild recurrence.
Overt recurrence When two classical parameters of excess cortisol were simultaneously present, increased midnight cortisol -either serum (O75 ng/ml) or salivary (O2 ng/ml) -and 24 h UC (O90 mg/24 h), together with related clinical features, lead to further specific therapeutic action.
Mild recurrence This was when a single classical parameter of cortisol excess (see above) was present, with no or minimal clinical manifestations, and, thus, allowing a simple surveillance. Accordingly, the time elapsed from TSS to mild recurrence is the time at which the perturbation of the first classical parameter (midnight cortisol or UC) occurred.
Testing procedures
Saliva was collected through Plain Salivette kit (Sarstedt, Newton, NC, USA) by placing a cotton wool plug in the mouth for 1-3 min (42, 43) . LVP was injected at a dose of 10 U i.m., and desmopressin was injected at a dose of 10 mg i.v. as a bolus at time 0 min, and blood samples for plasma ACTH and serum cortisol determinations were collected at K30, 0, 15, 30, 45, and 60 min. One patient had LVP stimulation test exclusively, and two patients had LVP prior to the desmopressin stimulation test.
Human CRH was administered at the dose of 100 mg i.v. as a bolus at time 0 min, with blood samples for plasma ACTH and serum cortisol determinations collected at K30, 0, 15, 30, 45, and 60 min.
In CRH and vasopressin analog stimulation tests, DACTH was calculated by the following formula: DACTHZ(peak ACTH level after stimulationKbasal ACTH level before stimulation) and expressed in pg/ml. The percentage of ACTH increment after stimulation was calculated as follows: % ACTH incrementZ((peak ACTH level after stimulationKbasal ACTH level before stimulation)/basal ACTH level before stimulation)! 100. When net increments (D) in ACTH were !22 pg/ml, the hormonal response was considered insufficient, irrespective of the percentage increase.
Hormone assays
ACTH was assayed using the IRMA ELISA-ACTH (Cis Bio International, Gif sur Yvette, France) (44) . Salivary cortisol was assayed with CORT-CT2 RIA (Cis Bio International), as described previously (42) .
Serum and UCs were assayed with CORT-CT2 RIA (Cis Bio International) until 2001 and then using the competitive chemiluminescent enzyme immunoassay Immulite 2000 Cortisol (Siemens Healthcare Diagnostics, Erlangen, Germany). UC excretion was expressed as micrograms excreted in urine over a 24 h period. To convert UC (mg/24 h) to System International (SI) units (nmol/24 h), multiply by 2.76. To convert serum or salivary cortisol (ng/ml) to SI units (nmol/l), multiply by 2.76. To convert plasma ACTH (pg/ml) to SI units (pmol/l), multiply by 0.22.
Statistical analysis
Data are presented as mean, median, and range for descriptive statistics. Groups were compared using the Wilcoxon test or the Fisher test as appropriate. Spearman's correlation coefficient was fitted to indicate correlation between early morning serum cortisol and time elapsed from TSS to first parameter perturbation. All statistical tests were considered significant when P!0.05.
Results
Main patients' characteristics and immediate outcome after TSS
Of the 127 patients, 101 (79.5%) were in remission in early post-TSS. The absence of histological confirmation of a corticotroph adenoma was more frequent in cases of failure: 14 of 101 patients with early remission had negative histology compared with 17 of 26 patients in the immediate failure group (14 vs 65%, PZ0.0001).
Characteristics of the maintained remission and recurrence groups
As shown in Table 1 , the mean age at CD diagnosis of the patients in the recurrence group was 33.2 years (17-54) and 19/21 (90%) patients were women. Histological confirmation of a basophilic adenoma was obtained for 18 patients: 11 (61%) microadenoma, seven (39%) macroadenoma. Three patients had negative histology. In two cases, a preoperative evaluation by bilateral inferior petrosal sinus sampling showed a central to peripheral gradient R45. The third patient had a preoperative aspiration of a 2 mm microadenoma that was not found on histology but the patient subsequently developed after surgical hypocortisolism (early morning serum cortisol at 10 ng/ml). There was no statistically significant difference between maintained remission and recurrence groups concerning the mean length of follow-up, mean age at diagnosis, sex distribution, histological findings after TSS, or adenoma size. Only the immediate post-TSS outcome had a significant impact on the longterm outcome, as early post-TSS hypocortisolism was a good predictor of maintained remission: 71.4% of the recurrence group were hypocortisolic post-TSS and 28.6% were eucortisolic, whereas 92.5% of the maintained remission group were hypocortisolic post-TSS and 7.5% were eucortisolic (PZ0.02). As shown in The difference in the recurrence rate was highly significant (PZ0.02).
Of the 101 patients, 21 (20.8%) presented with a recurrence during long-term follow-up. Among them, 14 (13.8%) patients ultimately presented with overt recurrence in a mean period of 50.8 months (median 50, range 9-94) from TSS and seven (6.9%) patients presented with only mild recurrence at their last follow-up after a mean time of 49.6 months from TSS (median 39, range 7-99). Individual characteristics of the 21 patients with recurrence are presented in Table 3 .
In the 14 patients who were eventually specifically treated for their recurrent hypercortisolism (see Table 3 ), time from TSS to 'overt' recurrence was significantly longer in patients who were hypocortisolic post-TSS compared with those who were eucortisolic: mean 62.9 months, median 58.5, range 42-94 vs mean 17 months, median 19.5, range 3-26 (PZ0.002; Fig. 1 ).
In addition, in the six patients who had post-TSS early morning serum cortisol below 10 ng/ml, the mean time to first classical parameter alteration was longer (60.66 months, median 50.5, range than that in the patients with early morning serum cortisol O10 ng/ml (27.41 months, median 21.5, range 3-66), PZ0.01. There was a negative correlation between post-TSS early morning serum cortisol, and the time from TSS to first classical parameter alteration (rZK0.52; PZ0.03), among the 21 patients with recurrence. 
Description of classical parameters of cortisol excess in recurrence
The mean time from TSS to the first classical parameter alteration (midnight serum/salivary cortisol or UC) was 38.2 months (median 42, range 3-94).
Midnight cortisol All patients, with either mild or overt recurrence, had an increased midnight cortisol, either serum or salivary, after a mean time of 38.2 months from TSS (median 42, range 3-94). No significant difference was noted between salivary and midnight serum cortisol, in terms of time from TSS to individual disturbance of each (PZ0.977).
In early post-TSS eucortisolic patients, the mean time from TSS to increased midnight cortisol was 22 months (median 19.5, range 3-61) compared with 44.7 months (median 43, range 7-94) in early post-TSS hypocortisolic patients (PZ0.05). In the seven patients with mild recurrence only (see Table 3 , patients 15-21), increased midnight cortisol occurred in a mean time of 31.1 months from TSS (median 39, range 3-61).
24 h UC Eleven of the 21 (52.3%) patients with recurrence had increased midnight cortisol while UC became elevated later (patients 1, 3, 5, and 12, Table 3 ) or was still within normal limits at their last follow-up (patients 15-21, Table 3 ); in nine patients (42.8%), both parameters were altered simultaneously (patients 2, 4, 6-11, and 13, Table 3 ). In only one case, UC was the first classical parameter to become abnormal, preceded by 3-month increased midnight cortisol (patient 14, Table 3 ). Figure 2 shows the mean of the UC of the two groups of patients with 'overt' or 'mild' recurrence, prior to TSS, in the immediate post-TSS period and at the time of the recurrence diagnosis: the overt and mild recurrence groups had similar values preoperatively (436.2 vs 260.1 mg/24 h, PZ0.18); early post-TSS UC values were all normal but the 'overt' group had slightly, non-significant, higher mean (14.5 vs 13.9 mg/24 h, PZ0.78); at the time of recurrence, a significant difference was observed (290.5 vs 70.4 mg/24 h, PZ0.0004), with all 'overt' patients having high UC and all 'mild' patients having normal UC values.
Results of vasopressin analog and CRH tests in recurrence
Seventeen of the 20 (85%) patients who had a vasopressin analog stimulation test (LVP in three patients and desmopressin in 17 patients) during their follow-up ultimately had a positive response. In six patients, the ACTH response was lost post-operatively, only to reappear later during follow-up. Three of the 20 patients remained non-responders during the long-term follow-up: one was a non-responder before TSS and the two other patients had a positive test before surgery.
In the 17 responder patients, a positive response to vasopressin analogs preceded the first classical parameter alteration in 12 (71%) cases. In two patients, test positivity was documented after increased midnight cortisol and in three patients was concomitant to increased midnight cortisol and/or increased UC. Overall, vasopressin analog test positivity after TSS was observed before the first classical parameter alteration (24.4 months, median 7, range 0-94, vs 39.9 months, median 43, range 3-94, PZ0.049).
Time from TSS to vasopressin analog test positivity was significantly shorter in immediate post-TSS eucortisolic than hypocortisolic patients: 3.2 months (median 3, range 0-7) vs 33.2 months (median 26, range 0-94), PZ0.02. A positive response was observed in six patients that were still hypocortisolic. Fifteen of the 21 patients had a CRH stimulation test during their follow-up. Fourteen of them (93%) ultimately had a positive response. The mean time from TSS to test positivity was 19 months (median 7.5, range 3-66). In CRH stimulation responders, test positivity preceded the first classical parameter alteration in nine of 14 cases (64%). In the remaining five patients, CRH positivity was documented concomitant to first classical parameter alteration. In three patients, there was no correlation between pre-and postoperative response to CRH stimulation. In CRH responders, the mean time from TSS to first classical parameter alteration was 44.3 months (median 43.5, range 3-94) and was significantly longer than the time to CRH test positivity (PZ0.014). Figure 3 shows for each patient the time from TSS to documented response to stimulation tests (vasopressin analog or CRH), to midnight cortisol and/or UC increase. UC appears to be the latest biochemical parameter of recurrence, preceded by the midnight cortisol and the response to the stimulation tests.
Discussion
In this study, immediate and long-term post-TSS remission rates, 79.5 and 63% respectively, are similar to those in previous large study (varying between 59 and 100% for immediate remission and between 44 and 90% for maintained remission) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) 26) . Patients with negative histology had more frequent early surgical failure but, when in remission, did not recur more frequently. This was also observed in other studies (19, 26) . The adenoma size also did not impact on the recurrence rate, when comparing microadenomas and macroadenomas.
Recurrence is more frequent in patients with higher serum cortisol values in the immediate post-operative period (15) (16) (17) 21) . Undetectable early morning serum cortisol (!18 ng/ml, 50 nmol/l) is as a good index of long-term remission (10, 16, 17, 20, (29) (30) (31) (32) 42 ). Yet, it is not a full protector (10-12, 16, 20, 21, 29, 33, 42, 45) . We show here that immediate post-TSS hypocortisolism was associated with better long-term outcome: 92.5% of patients who did not recur were hypocortisolic post-TSS. Yet, 50% of our patients with late recurrence had early morning plasma cortisol below 18 ng/ml and 33.3% had levels below 10 ng/ml. Interestingly, we show, for the first time, that recurrence occurred earlier in patients with early post-TSS eucortisolism compared to hypocortisolic patients. This was especially noted when taking into consideration the time elapsed to overt recurrence and UC elevation. In the hypocortisolic group, the perturbation of the first classical parameter of hypercortisolism can occur early as well as late during follow-up, but in the eucortisolic group, all patients but one had altered cortisol parameters within the first 2 years post-TSS.
In patients with overt recurrence, cycle disturbances were either documented simultaneously or preceded UC elevation, except in one patient who had post-TSS eucortisolism and in whom the UC elevation was documented 3 months earlier than cycle disturbance. All patients with mild recurrence exhibit cortisol cycle disturbances, and despite the gradual increase in their UC excretion (data not shown), the latter is still normal 18 months after the increase in midnight cortisol. We believe that mild recurrence is nothing but an early phase of recurrence and that all seven patients in the mild recurrence group will eventually show overt recurrence and thus need close follow-up. Whether specific treatment might already be started in such cases should be discussed.
Several studies suggest that the post-operative response to desmopressin stimulation test may predict long-term recurrence after TSS. Some reported the absence of recurrence in patients who had disappearance of the response to desmopressin (37), while others found that the persistence of a response in the early post-operative period might help to identify patients at risk for late recurrence (28, 45) . We did not directly assess the predictive value of persistent ACTH response to desmopressin post-operatively, but our description of the recurrence patients shows that loss of response to desmopressin stimulation early post-operatively does not always predict a maintained remission and that a positive response might reappear during long-term follow-up. There is no consensus on the response criteria to CRH and desmopressin stimulation tests. Our criteria of positivity were based on ACTH response in previous reports (37, 45) . The desmopressin test positivity was observed in 85% of recurring patients, and preceded the increased midnight cortisol or UC in 71% of them, and even preceded the resolution of the hypocortisolic state in 40% of them. ACTH responsiveness to an early post-operative CRH has also been suggested as a valuable index to identify patients at risk of recurrence (15, 36) . One previous study found no relapses in patients who did not respond to CRH (26) . In our study, a positive response to CRH stimulation test was ultimately documented in 93% of recurring patients who had the test performed in a mean of 19 months (range 3-66) post-TSS. Response to CRH preceded the increased midnight cortisol or UC in 64% of the patients. Our data does not allow a comparative evaluation of CRH and desmopressin stimulation tests.
There are some limitations to our study, mainly related to its retrospective nature. In addition, in a tertiary center, we receive patients with various followup from other medical centers after remission. This could explain the concomitant perturbation of tests in those patients, while in patients followed more closely, the delay between stimulation test positivity and cycle or UC perturbation is longer. Another point is the lack of data concerning CRH and vasopressin analog stimulation tests in the group who had maintained remission. Particularly considering the fact that a positive CRH response may also be associated with the mere normalization of the corticotroph axis. However, our study was not designed to assess criteria for recurrence prediction but rather to describe the sequence of some hormonal events during recurrence.
In conclusion, prediction of late recurrence of hypercortisolism after successful TSS for CD is difficult. Post-surgical hypocortisolism predicts a better outcome and a longer remission period. However, undetectable post-TSS early morning serum cortisol does not exclude recurrence, nor does post-TSS eucortisolism imply definite relapse. Disappearance of ACTH response to desmopressin early post-TSS does not guarantee complete adenoma resection, and this response could reappear during long-term follow-up. This difficulty underlines the importance of long-term follow-up to identify recurrences of CD that may occur years after successful TSS. This study shows that CRH and desmopressin test positivity usually precede alterations of midnight cortisol or UC, considered as the classical biological parameters for Cushing's syndrome diagnosis. Furthermore, UC increase is late during recurrence. This questions the need for new tools or criteria for CD follow-up after TSS to diagnose it at an early stage, when hypercortisolism is mild, allowing to reduce its clinical consequences. This study suggests that dynamic CRH or vasopressin tests, as well as midnight cortisol, might be more sensitive than UC to detect patients needing closer follow-up or more extensive investigations.
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